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Understanding the relationship between fMRI signal changes
and activated cortex is paramount to successful mapping of
neuronal activity. To this end, the relative extravascular and
intravascular contribution to fMRI signal change from capil-
laries (localized), venules (less localized) and macrovessels
(remote, draining veins) must be determined. In this work, the
authors assessed both the extravascular and intravascular
contribution to blood oxygenation level-dependent gradient
echo signal change at 1.5 T by using a Monte Carlo model for
susceptibility-based contrast in conjunction with a physiolog-
ical model for neuronal activation-induced changes in oxy-
genation and vascular volume fraction. The authors compared
our Model resuits with experimental fMRI signal changes with
and without velocity sensitization via bipolar gradients to nuil
the intravascular signal. The model and experimental results
are in agreement and suggest that the intravascular spins
account for the majority of fMRI signal change on T,*-
weighted images at 1.5 T.

Key words: diffusion-weighted functional MRI; Monte Carlo
modeling; susceptibility contrast; intravascular BOLD con-
trast. ’

INTRODUCTION

Several biophysical models for blood oxygenation level-
dependent (BOLD) fMRI signal changes associated with
task activation-induced cerebral neuronal activity have
been described previously (1-3). GCompartmentalization
of deoxyhemoglobin establishes a magnetic susceptibil-
ity difference between the intravascular (IV) and ex-
travascular (EV) space that shortens the T, and T,* of
protons diffusing through the associated magnetic field
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perturbation. Brain activity, through a poorly understood
(4) though long postulated (5) mechanism, triggers local
changes in cerebral hemodynamics. Because average in-
creases in blood flow typically outpace apparent changes
in local oxygen consumption (6}, blood oxygenation in-
creases with neuronal activation. This yields an increase
in fMRI signal because the blood becomes less paramag-
netic with increasing oxygenation (7, 8). However, op-
posing this decrease in magnetic field inhomogeneity is
an increase in the tissue blood volume (9). It is the
balance between changes in blood volume, blood flow
and oxygen consumption that dictate the ultimate fMRI
contrast.

Several models of MRI signal change have been pro-
posed. Most have considered primarily the contribution
by EV protons (2, 3, 10, 11) using Monte Carlo tech-
niques. EV {MRI models (3, 10), based on typical activa-
tion-induced physiological perturbations (2, 3) summa-
rized below, have generally underestimated the gradient
echo (GE) signal changes typically observed at 1.5 T, and
therefore have inadequately described fMRI signal
changes. One potential source of the signal change not
accounted for by the EV model are the spins within the
vascular space. The IV contribution from a pure phase
shift argument was proposed by Haacke et al. (12), and
the analytical model of Yablonskiy and Haacke (13},
valid only in the static dephasing regime, recently con-
sidered IV and EV effects in the absence of the oxygen-
ation dependence of the blood’s T.

The overall goal of this work was to establish the
relative contribution of the IV and EV compartments to
fMRI signal change. To accomplish this, we extended our
EV Monte Carlo model to include the contribution to
fMRI signal change from the IV spins. We considered the
combined effect of vessel orientation, compartmentaliza-
tion of the red blood cell (RBC) and the oxygenation
dependence of the blood’s T, on IV signal attenuation at
1.5 T. In the absence of IV compartments, the 3cos?0—1
orientation dependence of the IV field shift (14) leads to
intravoxel dephasing due to multiple vessel orientations.
Vessel size-dependent compartmentalization of red
blood cells and the oxygenation dependence of the
bloed’s T, (8, 15) enhance the orientation-dependent ef-
fects. We then compared our model results with asym-
metric spin echo (ASE) data acquired at 1.5 T with and
without bipolar gradients to null the IV signal (16-19).
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METHODS
Tissue Model

In our model, fMRI signal may be obtained from both EV
and IV spins, and the phase of each spin is influenced by
the susceptibility-induced magnetic field changes from
both capillaries (radius R, = 3 pum; volume fraction f,)
and macrovessels (radius R,; volume fraction f,), with f =
f. + f.. Signal changes localized to activated cortex (i.e.,
associated with microvessels) are attributed to spins ad-
jacent to capillaries and to IV capillary spins. Similarly,
spins around and within. larger venous draining veins
may show signal chanyﬂs but may be less localized to the
site of activation,

o model lhe non¢ dpl“dly contribution to EV signal,
we used R, = 25 um ((,c)rresp()ndmg, to small venules),
although quantiﬂih*&é}y similar behavior is expected for
models with larger R, (10). For the noncapillary 1V con-
tribution, we also (‘onsldored R, -» o (a large draining
vein). We assumed equal volume for capillaries and
macrovessels based upon measured capillary (~2% (20))
and total (=4% (21)) volume fraction in cortical gray
matter. We also assumed that there is slow proton ex-
change between the EV and IV space (22), and added
appropriately weighted signal contributions from the EV
and IV compartments to estimate fMRI signal.

Extravascular Signal Attenuation

A(1/T,) and A(1/T,*) are linear with respect to recruit-
ment-based changes in £, and quite linear for dilation-
based changes for values of f and oxygenation applicable
to BOLD experiments. We therefore estimated the EV
signal attenuation with respect to fully oxygenated blood
at volume fractions exceeding 4% by multiplying prop-
erly exponentiated, independent Monte Carlo estimates
of EV signal attenuation (3) due to capillaries and
venules at a baseline volume fraction of 2% (10).

Blood Signal Attenuation

Using Monte Carlo techniques, we estimated the signal
attenuation due to blood (S,) by simulating the diffusion
of protons amidst RBCs within a blood vessel. We mod-
eled the blood as an impenetrable cylindrical compart-
ment with radius R filled at a desired hematocrit (Hct)
with fully penetrable spheres (23), representing red
blood cells with R = 3 um and a susceptibility difference
with the plasma. The orientation of the cylinder was
randomized (with an angular dependence of sin ) to
simulate uniform spatial distribution of vessel orienta-
tions within the tissue.

The effect of oxygenation on the T, of blood is predom-
inantly due to the dephasing of protons as they diffuse
through gradients in and around red blood cells (8). We
therefore compared our model (R — ¢, Hct = 40) with in
vitro T, versus hemoglobin oxygenation data obtained at
1.5 T by Wright et al. (15) using a modified CPMG se-
quence with 7,45, = 24 ms and TE = 72 ms, and fit to a
simplified Luz-Meiboom model:

1/T,~1T,,+K-(1-Y1)?, [1]

with K = 41.5s7', T,, = 249 ms and Y representing the
blood oxygenation. Although spheres oversimplify the
geometry of erythrocytes, we varied the diffusion coeffi-
cient, D, to match the in vitro data and used this D value
for subsequent simulations. In this manner, the O,-de-
pendence of T, was automatically combined with the
orientation and vessel size-dependent geometry effects.
We computed 1V signal attenuation (with respect to fully
oxygenated blood) for capillaries and macrovessels at the
“matching” D value as a function of oxygenation. For our
simulations, we obtained the susceptibility difference,
Ay, between RBC and plasma for a given oxygenation by
computing (24):

Ax=Ax-(1-7Y), [2]

where Ay, = 1.8 X 1077 (cgs units) is the susceptibility
between fully deoxygenated whole blood and tissue (24).

Combined Model for fMRI Signal

We assumed that fMRI signal changes are exclusively
accounted for by changes in transverse relaxation (e.g.,
long TR, long TE, echo planar acquisitions), and ex-
pressed the prestimulation and poststimulation GE sig-
nal, S, in terms of appropriately weighted IV and EV
components:

- |e—’l'l:'/'l'£}A[ + e—TE/TzZAt(fCAC +vav)| ) 13]

A, A, and A, are the EV tissue, IV capillary and IV
macrovessel signal attenuations (0-1) with respect to
fully oxygenated blood, respectively, T3, is the T,* of the
tissue, and T3, is the T,* of fully oxygenated blood (A,
and A, account for the oxygenation-dependent A(1/T,)).
In well-shimmed cerebral cortex, we typically measure
T3~ 60msand T, = 80 ms. We assumed that T%, = 120
ms based on measurements of T,, = 240 ms by Wright et
al. (15), and that 1/T," ~ 1/T3, — 1/T,, = 1/240 ms. In
general, A_and A, are complex quantities (A, is predom-
inantly real), and hence the measured “signal” is equal to
the absolute value of the sum of the real and imaginary
components of the IV and EV terms, each weighted by a
volume fraction and T, factor. Because the phase of each
IV spin is influenced by EV gradients from surrounding
vessels in addition to IV gradients, A_ and A, are scaled
by A,

fMRI Simulation

We modeled a visual stimulation paradigm by computing
S for realistic estimates of activation-induced hemody-
namic and oxygenation changes. Our fMRI model as-
sumed zero change in oxygen consumption (6); an in-
crease in blood volume equal to the 0.4 power of the
relative flow increase AF (assuming that flow and volume
changes are related in a way that is comparable to PET
measurements of hypercapnia (25)); and an initial ve-
nous oxygenation of 60% (26). Using a simple transport
model (27), we estimated the average capillary oxygen-
ation, @, from the venous and arterial oxygenation, Q,
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and Q,, respectively, and the unidirectional oxygen ex-
traction coefficient, E = 0.5 (28):

_ 1 1
Qc = Qa - (Qu - Qv)(E' + m_ﬁ) . [4]

Equation {4] was obtained by computing the expected
value of an expression for (. over a normalized capillary
segment (27), and limits to %(Qu +Q)and Q, for E—0
and E — 1, respectively. Equation (4] is relatively insen-
sitive to typical physiological estimates for E < 0.8. We
also assumed that capillaries and macrovessels each have
a prestimulus volume fraction of 2% (4% total); that
capillary Het = 30 and venous Hct = 40 (26); and that
both capillaries and larger vessels contribute equally to
vascular volume changes (29). In addition, we used an
extravascular diffusion coefficient D = 10~° cm?/s (30).
We computed percent signal change (based on prestimu-
lus and poststimulus values of S in Eq. [3]) as a function
of flow increase for AF between 1.0 and 2.0, and com-
pared the relative contribution of the capillary, macro-
vascular and total intravascular components by nulling
A,, A, and both A, and A, respectively.

Velocity-Sensitized fMRI

To compare our model with experiment, we acquired a
series of echo planar images with increasing degrees of
diffusion weighting. For an array of randomly oriented
vessels with velocity v, a bipolar, z-directed diffusion
gradient profile with G G cm~ ' gradients, pulse width 8
and time between onset of the pulses equal to A will
provide significant signal attenuation for kv, > , where
v, is a sequence-dependent velocity threshold, and

k= ZﬁyJ tG dt = 2ayG8A . [5]

Similarly, any large vessel with plasma velocity spread
Av such that kAv > = will also suffer significant signal
attenuation. The diffusion weighting (b value) for such a
sequence is approximately

b (zfnyG)ZSZ(A _ g) . (6]

For each experimental run, we acquired 4 min of visual
stimulation data (alternating between 60 s of fixation
point only and 60 s of full-field counter-phased checker-
board flickering at 8 Hz) with a diffusion-weighted (bi-
polar, z-directed, G = 1 G/cm, A = § + 5 ms) ASE
sequence (1= —20ms, TE = 165 ms, TR = 2 s) on a Signa
1.5 T scanner (General Electric, Milwaukee, W1) retrofit-
ted for echo planar imaging (Advanced NMR, Wilming-
ton, MA). A TR of 2 s was chosen to reduce the inflow
effect of approximately 0.5% reported previously for
TR = 1 s (31). The ASE sequence with these parameters
provides similar T,' contrast to a gradient acquisition
with TE = 40 ms (32). We acquired data with pulse
widths of 8 = 0, 10, 20, 30, 40, and 50 ms, which yielded
a velocity sensitivity of « radians for v, = 1/{2yG8A) = =,
0.8, 0.2, 0.1, 0.07, and 0.04 cm/s, respectively, and asso-
ciated diffusion weightings of b =~ 0 (ignoring the small
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contribution of the imaging gradients), 10, 50, 160, 360,
and 690 s mm™2, respectively. The in-plane resolution
was 3 X 3 mm? with a slice thickness of 7 mm.

For each of five subjects, we performed a separate
visual stimulation experiment for each of the above pulse
widths and associated b values and imaged an oblique
slice through the visual cortex containing the calcarine
fissure. For each b = 0 data set, we computed the tem-
poral cross correlation (33) between the experimental
time course in each voxel and the expected temporal
response (temporally shifted boxcar function). Those
voxels for which the correlation coefficient exceeded 0.5
comprised a ROI from which a spatially averaged time
course was obtained for each successive b value. This
threshold yielded ROIs (42-45 voxels), which were
likely to contain on average the cortical blood volume
fractions assumed in our model. We applied a three-
point median filter (34) to each time course to remove
signal intensity discontinuities due to cardiac pulsations
that are typically observed for nongated acquisitions at
large b values (35). We then measured the percent signal
change for each time course by comparing the initial
baseline with the average activation plateau (subsequent
baselines were disregarded to eliminate inclusion of any
undershoot). Each percent signal change was then com-
pared with the percent signal change obtained in the
absence of diffusion (b = 0) to determine a normalized
attenuation at each b value.

RESULTS
Blood Signal Attenuation

Figure 1 compares A(1/T, = —In(S)/TE from the Monte
Carlo blood model (D = 10° cm?/s) for an infinite pool
of red blood cells and for R = 25 um cylinders with the
in vitro experimental data of Wright et al. (15) (Eq. [1],

Monte Carlo vs. Experimental Blood AR2
CPMG: 1180 = 24 ms, TE =72 ms
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FIG. 1. Monte Carlo versus experimental AR2 in blood (simulated
Hct = 40) using a CPMG sequence, with 759 = 24 ms and TE =
72 ms. Simulation matches experiment for D = 10~ % cm?/s. The
Luz-Meiboom K value was obtained from the experimental data of
Wright et al. (15).
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with K = 41.5 s7" and T,, = 249 ms). The predicted T,
dependence on blood oxygenation agrees well with ex-
periment at this D value, suggesting that our simplified
corpuscular blood model accounts for the predominant
T, effects in large vessels.

Figure 2 plots extravascular GE signal attenuation at
1.5 T due to capillaries (f, = 2%; Hect = 30) and venules
{(f, = 2%; Hct = 40) as a function of oxygenation for
TE = 40 ms. Also plotted are the real and imaginary
components of intravascular GE signal attenuation due to
capillaries and venules as a function of oxygenation.
Figure 2 demonstrates that the EV signal attenuation has
no phase shift, and that the IV signal attenuation has
relatively minor phase shift at 1.5 T. Whereas relatively
small signal attenuations are predicted due to the EV
spins for typical oxygenation changes, substantially
greater signal attenuation is realized from the intravascu-
lar spins within both capillaries and venules.

fMR! Simulation

Figure 3 compares predicted signal change for GE acqui-
sitions with TE = 40 ms at 1.5 T with no IV effects (A, =
0 and A, = 0 in Eq. [3]), and with IV effects due to
capillaries (A, = 0), macrovessels (A, = 0; R, = 25 um),
and both capillaries and macrovessels. Quantitatively
similar results were obtained for the IV macrovessel
model with B, — «. For typical 60—-80% flow increases
(shaded region), the model suggests that the blood itself
contributes significantly and accounts for approximately
two-thirds of the total GE signal change. The model pre-
dicts total and EV signal changes of ~3% and 1%, re-
spectively at TE = 40 ms. The isolated contribution of the
macrovessels exceeds that of the capillaries.

1V and EV Signal Attenuation
GETE=40ms,1.5T
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FIG. 2. Extravascular and intravascular GE signal attenuation at
1.5 T due to capillaries (f, = 2%; Hct = 30) and venules (f, = 2%;
Hct = 40) as a function of oxygenation for TE = 40 ms. The EV
signal attenuation has no phase shift, and the IV signal attenuation
has relatively minor phase shift at 1.5 T. Whereas relatively small
EV signal attenuations are predicted for typical oxygenation
changes, substantially greater signal attenuation is realized from
the intravascular spins.

Combined EV and IV fMRI Signal Change
GETE=40ms,1.5T
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FIG. 3. A comparison of the predicted GE (TE = 40 ms) fMRi signal
change at 1.5 T with no IV effects (EV), IV effects due solely to
capillaries (EV + Cap), IV effects due solely to venous vessels (EV
+ Ven; R, = 25 um), and IV effects due to both capillaries and
venules (EV + 1V). Quantitatively similar results were obtained for
the IV macrovessel model with R, — x. For typical 60-80% flow
increases (shaded region), the model predicts total and EV signal
changes of ~3% and 1%, respectively, suggesting that the blood
itself accounts for approximately two-thirds of the total GE signal
change. The isolated contribution of venules exceeds that of cap-
illaries.

Velocity-Sensitized fMRI

Figure 4 shows the correlation coefficient maps from one
of the subjects in this study at b values of 0, 10, 50, and
160 s mm ™2, Although the degree of activation decreases
with increasing b value, the spatial pattern of activation

FIG. 4. The correlation coefficient maps from a typical subject at b
values of 0, 10, 50, and 160 s mm 2. Although the degree of
activation decreases with increasing b value, the spatial extent of
the activation does not change dramatically.




is preserved. Figure 5 illustrates the effect of diffusion
weighting on fMRI signal for a typical velocity-sensitized
ASE fMRI experiment at 1.5 T with TE = 165 ms and 7=
—20 ms. Median-filtered data are plotted for acquisitions
with b = 0, 10, 50, and 160 s mm 2, and the correspond-
ing percent signal changes of2.9,1.5, 1.8, and 1.6% were
computed based on the average baseline and activation
plateaus as indicated in the figure. The median filter
removes many of the spikes that occur at high b values
while preserving the overall structure of the time course.
The attenuations with respect to the b = 0 acquisition
from five subjects were averaged and plotted as a func-
tion of b in Fig. 6. A b value as small as 10 s mm™?
attenuated the percent signal change by approximately
30%. As b is increased, the attenuation increases, and
ultimately reaches a plateau at approximately 70% atten-
uation.

DISCUSSION

In this work, we presented a Monte Carlo model for
BOLD signal change that is unique in its inclusion of
both the intravascular and extravascular contribution to
gradient echo signal change. Our simulations suggest that
the intravascular spins account for the majority of fMRI
signal change at 1.5 T, even in regions where the vascular
volume fractions are small (4—6%). We compared our
model results with experimental fMRI signal changes
obtained with and without velocity sensitization via bi-
polar gradients to null the contribution of intravascular,
rapidly flowing spins. With increasing diffusion weight-
ing, the activation-induced signal change decreased from
3% at b = 0 and appeared to plateau at roughly 1% for b
values exceeding 360 s mm™“. These signal changes
agree with those predicted by our model. The large b
values that we used should be sufficient to eliminate the
intravascular contribution from spins within vessels of
all sizes, including capillaries. During the velocity-sen-
sitized period of 100 ms used to generate b = 690 s

Full-Field Visual Stimulation with ASE Velocity-Sensitized fMRI
7 =-20 ms, TE = 165 ms, TR =25, G =1 G/em
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FIG. 5. Results from a typical velocity-sensitized ASE fMRI exper-
iment at 1.5 T with TE = 165 ms and 7 = —20 ms. Median-filtered
data (dashed lines) are plotted for acquisitions with b = 0, 10, 50,
and 160 s mm™2, and the corresponding percent signal changes
of 2.9, 1.5, 1.8, and 1.6% were computed based on the average
baseline and activation plateaus (solid lines).
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Summary of Diffusion-Weighted fMRI Data
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FIG. 6. The average (n = 5) percent signal change plotted as a
function of b. At a b value as small as 10 s mm 2, the percent
signal change is attenuated by approximately 30%. Increasing the
b value from 10 to 690 s mm~2 roughly doubles the attenuation,
which ultimately plateaus at approximately 70% attenuation.

mm 2, a spin traveling at the average capillary corpus-
cular velocity of 0.2 cm/s (20) will traverse a distance of
200 wm, which exceeds the typical capillary segment
length of ~ 100 pm (20), and should therefore experience
velocity-related attenuation. Furthermore, the corre-
sponding velocity threshold of 0.04 cm/s is well below
the average capillary RBC velocity. Therefore, the results
of both the model and the experiment strongly suggest
that the intravascular spins account for the majority,
though not the totality, of T*-weighted MRI signal
change at 1.5 T.

The mode! also predicts that the intravascular contri-
bution of venules and veins exceeds that of capillaries,
despite similar volume fractions. There are two explana-
tions for this. First, assuming minimal dilution, the oxy-
genation of the venous blood after traversing the capil-
lary bed is substantially less than the average capillary
blood oxygenation, as seen in Eq. [4]. Second, for equiv-
alent oxygenation, spins within venular-sized or larger
vessels produce greater changes in T,* than spins within
capillaries, as demonstrated in Fig. 2. However, the cap-
illary contribution is significant, as predicted in Fig. 3,
which suggests that we can null the macrovascular IV
effect and still retain substantial {MRI signal. These re-
sults are supported by the experiment, which demon-
strates increasing attenuation of activation-induced sig-
nal change with b, and large attenuation even for very
small b values corresponding to velocity thresholds ex-
ceeding 0.8 cm/s. The activation-induced signal change
was reduced by about 30% at b = 10s mm ™ 2. Based on
known plasma flow rates, only the signal from veins and
some fraction of venules should be nulled at this b value.
Increasing the b value from 10 to 690 s mm ™ ? roughly
doubles the attenuation, though does not eliminate it. If
the IV macrovascular contribution were insignificant, we
would be less motivated to eliminate it, because IV cap-
illary and venular contributions are likely to be localized,
at least within 1.5 mm, to the site of activation (36).
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Our model utilizes a variety of assumptions about the
fundamental physiology, including volume fraction dis-
tribution between capillaries and venules, and the initial
volume fraction and oxygenation. However, using litera-
ture values for these parameters, the model satisfactorily
predicts both the absolute and relative contribution due
to the extravascular and intravascular spins in the visual
stimulation paradigm. Our model applies to homoge-
neous cortex with no partial volume effects of very large
vessels that could account for significantly larger (>10%)
volume fractions of draining veins or sinuses. We believe
that the large ROIs chosen for our experimental data
reflect this condition on average. The correlation images
depicted in Fig. 4 demonstrate that the activation de-
creases with increasing b value. However, even with
increased b, the spatial extent of the activation-induced
signal does not change dramatically. This suggests that
the decrease in the spatially-averaged activation-induced
signal does not likely come from removing the contribu-
tion of a few isolated veins, but is more likely due to
reduced intravoxel, intravascular contributions. As the
imaging resolution increases, our homogeneous tissue
model becomes less valid. Using high-resolution fMRI
acquisitions, ¥Frahm et al. (37) and Lai ef al. (38) docu-
mented very large signal changes for voxels with substan-
tial blood volume fractions. Qur model is not scale in-
variant, and is less applicable to such inhomogeneous
volume distributions. Our results should be interpreted
for typical imaging resolutions employed by our group
and others at 1.5 T.

We conclude from our model and experimental results
that the intravascular spins account for the majority of
T,*-weighted fMRI signal change in true cortex at 1.5 T,
even for an average tissue volume fraction of only 4—-6%.
An important question arising from the study of intravas-
cular contrast is how we might minimize the contribu-
tion from larger vessels which may not be localized to the
site of activation. Diffusion-weighted sequences with
modest b values appear capable of attenuating signal
from larger blood vessels. These results suggest that ve-
locity-sensitized fMRI may have potential for reducing or
eliminating the large vessel intravascular contribution
(putatively less well-localized to neuronal activity) with
judicious chaoice of diffusion weighting, and for enhanc-
ing the spatial selectivity of fMRIL. However, in T,*-
weighted sequences, the extravascular contribution from
macrovessels remains even in the presence of velocity
sensitization. Nevertheless, the model presented here
and its comparison to velocity-sensitized ASE imaging
provides a new handle on quantifying fMRI signal
changes and relating these changes to the underlying
neuronal activity.
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